Introduction GCAP1 gene at Y99C affecting the EF3-hand motif was linked to autosomal dominant cone dystrophy in a fourAs a consequence of activation of the phototransducgeneration British family (Payne et al., 1998) . Here, we tion cascade, the concentrations of 3Ј,5Ј-cyclic GMP show that the Y99C mutation in GCAP1 reduces its sen-(cGMP) and Ca 2ϩ within photoreceptor cells are reduced sitivity to [Ca 2ϩ ] free , causing persistent stimulation of GC1 (Polans et al., 1996) . Restoration of the photoreceptor under physiological dark conditions. dark condition requires activation of particulate guanylate cyclase(s) (GCs) (Koch and Stryer, 1988) that are stimulated intracellularly by Ca 2ϩ -free forms of guanylResults and Discussion ate cyclase-activating proteins (GCAPs) (Polans et al., 1996) . GCAPs are 23 kDa Ca 2ϩ -binding proteins belongBiochemical Studies ing to the calmodulin superfamily. Two forms of photoreAn EF-hand motif consists of two perpendicular ␣ heliceptor-specific GCs (Shyjan et al., 1992; Lowe et al., ces interconnected by a loop that binds Ca 2ϩ . In GCAP1, 1995), GC1 and GC2, and four forms of GCAP, GCAP1 the residue Y99 precedes the EF3-loop in GCAP1 (Figure (Palczewski et al., 1994) , GCAP2 (Dizhoor et al., 1995; 1B) . In all functional EF-hand motifs of calmodulin-like Ca 2ϩ -binding proteins, the equivalent position is typically occupied by a large hydrophobic or aromatic resiTo whom correspondence should be addressed (e-mail: palczews due, and among the EF3-hand motifs of GCAPs it is @u.washington.edu). # These authors contributed equally to this work. The EF3-hand model of GCAP1 and its mutants. Conserved residues among mammalian GCAP1 and GCAP2 are shown throughout the part of the sequence. The positions of mutated residues Y99C (linked to autosomal dominant cone dystrophy) and E111D (disabled the EF-hand loop) are indicated.
critical for conversion of GCAP1 from activator to inhibiwith an impaired affinity. This conclusion is supported by the fact that the GCAP1(E111D) mutant, which is not tor (Rudnicka-Nawrot et al., 1998; for GCAP2 see Dizhoor and Hurley, 1996) . Substitution by a smaller Cys able to bind Ca 2ϩ to this loop ( Figure 2A , inset), shows activity even at 50 M [Ca 2ϩ ]free. The reduced activity of may lead to changes in the orientation of the N-terminal ␣ helix and a decrease in affinity for Ca 2ϩ . To understand GCAP1(E111D) under those conditions resulted from the coordination of Ca 2ϩ to the EF4-hand motif (Rudnickahow this mutation causes cone dystrophy and to obtain new insights into the regulation of GCs in photoreceptor Nawrot et al., 1998) . Ca 2ϩ dependencies of recombinant bovine GC1 stimulation ( Figure 2B ) by GCAP1 and GCA cells, the properties of mutant and native GCAP1 were investigated in the reconstitution assays. As the source P1(Y99C) were comparable to those obtained using rod outer segments as a source of GC(s). GCAP1 and GCA of GC, we used bovine GCs in native membranes and bovine and human GC1 expressed in heterologous sys-P1(Y99C) are similarly effective for the stimulation of GC1 ( Figure 2B , inset). tems. Bovine and human GCAP1 and GCAP1(Y99C) were expressed in High Five insect cells and affinity Human GCAP1(Y99C), like the bovine mutant, demonstrates altered Ca 2ϩ sensitivity when assayed with hupurified. Myristoylated GCAP1 (identified by labeling with [ 3 H]myristic acid) has slightly faster mobility than man GC1 (Figures 3A and 3B) and with bovine GC1 (data not shown). GCAP1(Y99C) and GCAP1 have similar, unmyristorylated GCAP1 during SDS-PAGE (see OttoBruc et al., 1997b ]free ( Figure 3B ); at 2 M [Ca 2ϩ ]free, the GCAP1(Y99C) activity is reduced by and SDS-PAGE separation revealed that GCAP1 and GCAP1(Y99C) are 78%-85% and 82%-91% acylated, ‫,%05ف‬ while GCAP1 weakly inhibits basal GC activity, and both proteins are inactivated by 50
]free. respectively (data not shown).
In the presence of bovine GCAP1(Y99C) and GCAP1, Moreover, the human GCAP1 mutant is twice as active as normal human GCAP1 when used in activity assays the GC activity in washed bovine ROS is inhibited by Ca 2ϩ (Figure 2A ). GCAP1(Y99C) remains active (30%-with human GC1 at low [Ca 2ϩ ] free (Figures 3A and 3B ] free is well above physiological levels, for example 50 M (Figure 2A , inpresence of GCAP1 ( Figure 4B) . Thus, at the upper end of physiological [Ca 2ϩ ] free , the mutant GCAP1 exerts a set), suggesting that the EF3-hand motif binds Ca 2ϩ but dominant activation of GC1 over normal GCAP1. This of cones in the foveal region, central vision is predominantly affected, with almost complete preservation of difference between GCAP1(Y99C) and GCAP1 either reflects a greater stability of the mutant protein or changes the rod-dominated peripheral vision (Payne et al., 1998) .
In this study, we show that GCAP1(Y99C) stimulated in the equilibrium between the active and inactive state of both proteins. Thus, studies of human and bovine effectively rod-and cone-specific GC1; however, the Ca 2ϩ sensitivity of the GCAP1 mutant is markedly al-GCAP1(Y99C) confirm that this mutant protein is constitutively active in the physiological range of [Ca 2ϩ ]free tered, causing reduced but persistent stimulation of GC1 under physiological dark conditions. This biochemical changes (Figure 3) . observation is consistent with dominant inheritance of the disease and its slow progressive character. As a Physiological Implications As cones progressively degenerate, patients with auworking hypothesis, in vivo, GCAP1(Y99C) would enhance GC1 activity in dark-adapted cone photoreceptosomal dominant cone dystrophy have reduced visual acuity and experience a complete loss of color vision tors leading to elevated levels of cytoplasmic cGMP, despite the presence of wild-type GCAP1. The conseat the age of 20-30 years. Due to the high concentration quence of elevated levels of cGMP in cones will be that more cGMP-gated channels in the plasma membrane remain open, increasing the dark current and raising the levels of cations, particularly Ca 2ϩ , which may be the underlying reason for photoreceptor degeneration (Dowd, 1995) . It is known that alteration in physiological cGMP levels causes retinal degeneration. Mutations in GC1 g of BaculoGold DNA and 5 g of pVLgcap in a 25 cm 2 tissue culture that reduce cGMP levels in photoreceptors cause retina flask, and GCAP1 and all mutants were immunoaffinity purified to degeneration in humans (Leber's congenital amaurosis) apparent homogeneity (Gorczyca et al., 1995) . GCAP1 properties and animals (rd chicken). Conversely, elevated levels of were studied from at least two independent preparations. In addicGMP are associated with the rd mouse where a mutation, the DNA sequences of all mutants were verified in the infectious tion (Y348ter) in the ␤ subunit of phosphodiesterase virus.
(PDE) prevents formation of an active multimeric PDE Expression of GCs (Pittler and Baehr, 1991) . Similarly, elevated levels of Bovine GC1 (obtained from Dr. R. Sharma) was cloned into pVL941
cGMP are also associated with ␥ subunit PDE knockout and expressed in High Five insect cells as previously described mice (Tsang et al., 1996) . The question still remains as (Gorczyca et al., 1995) . The cells were harvested, washed with 10 to why cones degenerate much faster than rods. PermM BTP (pH 7.5) containing 100 mM NaCl, and suspended at ‫5.0ف‬
haps, the stimulation of GC1/GC2 by the second or third mg/ml for the GC assays. Human photoreceptor GC (GC1) was activator, GCAP2 (Dizhoor et al., 1995; Gorczyca et al., produced in a HEK 293 cells transiently transfected with a pR-CCMW-GC1 construct and provided by Dr. Richard Laura and Dr.
1995) or GCAP3 (F. Haeseleer and K. P., unpublished James B. Hurley (University of Washington) (Laura et al., 1996) . data), is more important in rods. The cellular localization of GCAP3 is unknown at the present time. This would
GC Assays
be contrary, however, to previous evidence that, at least
The GC assays were performed using GTP-␣-32 P and washed ROS in bovine ROS preparations and in monkey retina, GCAP1
or using expressed GC1 as described previously (Otto-Bruc et al., is more abundant in rods than GCAP2 in rods (Otto-Bruc 1997b) . [Ca 2ϩ ]free was calculated using the computer program Chelator 1.00 (Schoenmakers et al., 1992) background needs to be generated.
